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ABSTRACT 
DLTS and EPR measurements a r e  r epo r t ed  on aluminum-doped s i l i c o n  t h a t  
has  been i r r a d i a t e d  a t  room temperature w i th  high-energy e l e c t r o n s .  Compari- 
sons a r e  made t o  comparable experiments on boron-doped s i l i c o n .  Many of t h e  
same d e f e c t s  observed i n  boron-doped s i l i c o n  a r e  a l s o  observed i n  aluminum- 
doped s i l i c o n ,  b u t  we have observed s e v e r a l  n o t  observed, inc luding  t h e  alu-  
minum i n t e r s t i t i a l  and aluminum-associated d e f e c t s .  Damage product ion model- 
ing ,  inc luding  t h e  dependence on aluminum concent ra t ion ,  w i l l  b e  presented.  
INTRODUCTION 
The radiat ion-induced d e f e c t s  i n  s i l i c o n  r e spons ib l e  f o r  t h e  de t e r io ra -  
t i o n  of s o l a r  c e l l s  a r e  mainly impuri ty-associated d e f e c t s  such a s  t h e  vacancy- 
oxygen-carbon complex ( t h e  K-center) ( r e f .  1 ) .  One way t o  improve the  rad ia-  
t i o n  t o l e r a n c e  of s i l i c o n  c e l l s  i s  t o  remove the  undesired impur i t i e s ,  espec- 
i a l l y  oxygen and carbon from t h e  s t a r t i n g  m a t e r i a l  and t o  prevent  t h e i r  i n t r o -  
duc t ion  dur ing  t h e  c e l l  f a b r i c a t i o n  processes .  A l t e r n a t i v e l y ,  a way t o  re-  
duce t h e  importance of such i m p u r i t i e s  i s  t o  in t roduce  s i n k s  which would a c t  
a s  recombination c e n t e r s  f o r  vacancies  and s e l f - i n t e r s t i t i a l s  t o  reduce the  
chance of t h e  primary d e f e c t s  i n t e r a c t i n g  wi th  t h e  i m p u r i t i e s ,  o r  perhaps, t o  
i n t roduce  an  impur i ty  which would t r a p  a vacancy o r  s e l f - i n t e r s t i t i a l  t o  form 
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an e l e c t r o n i c a l l y  i n a c t i v e  complex which would n o t  then reduce t h e  minor i ty  
c a r r i e r  l i f e t i m e  i n  t h e  device.  So t h a t  we may produce such r a d i a t i o n  re -  
s i s t a n t  s i l i c o n  i t  i s  important  t o  understand t h e  damage product ion mechan- 
i s m s  and d e f e c t  i n t e r a c t i o n s  i n  e l e c t r o n  i r r a d i a t e d  s i l i c o n .  Su td i e s  which 
lead  t o  d e f e c t  c h a r a c t e r i z a t i o n  and i d e n t i f i c a t i o n  and an understanding of 
d e f e c t  i n t e r a c t i o n s ,  p a r t i c u l a r l y  of i n t e r s t i t i a l  d e f e c t s ,  a r e  i n  progress .  
This  paper desc r ibes  some pre l iminary  r e s u l t s  of our  work i n  aluminum-doped 
s i l i c o n .  This  m a t e r i a l  i s  i n t e r e s t i n g  because un l ike  the  boron i n t e r s t i t i a l  
which i s  mobile a t  room temperature,  t h e  aluminum i n t e r s t i t i a l  i s  no t  mobile 
a t  room temperature,  and hence, i t s  r o l e  i n  damage product ion should be  d i f -  
f e r e n t .  
EXPERIMENTAL RESULTS 
Both EPR and DLTS measurements have been made on e l e c t r o n  i r r a d i a t e d  
aluminum-doped s i l i c o n  t o  c h a r a c t e r i z e  and i d e n t i f y  t he  d e f e c t s  produced. 
I n  a l l  samples oxygen and carbon i m p u r i t i e s  were p re sen t  i n  concent ra t ions  
of l o 1  6-1~~1 8cm-3. Diodes were f a b r i c a t e d  from f l o a t  zone and Czochralski  
grown s i l i c o n  of 1 Rcm and 10 Rcm r e s i s t i v i t y  i r r a d i a t e d  wi th  1 . 0  and 1 .5  
MeV e l e c t r o n s .  Most of t h e  diodes were Schottky b a r r i e r  diodes i n  which 
only ma jo r i t y  c a r r i e r  t r a p s  a r e  observed al though we d i d  observe t h e  minor i ty  
c a r r i e r  t r a p s  i n  d i f f u s e d  d iodes  made from 1 Rcm m a t e r i a l .  F igure  1 shows 
t h e  DLTS spectrum f o r  a  d i f fused  diode.  The spectrum shows t h e  divacancy 
peak (H2) and t h e  K-center peak (H4 and H5) both of which a r e  a l s o  p re sen t  i n  
boron doped s i l i c o n .  I n  addiz ion ,  a  peak a t  Ev + 0.17 eV (HI) i s  observed 
and a l s o  a  minor i ty  c a r r i e r  peak a t  Ec - 0.29 eV (El). The peak E l  occurs  a t  
nea r ly  t h e  same energy a s  a  boron d e f e c t ,  t e n t a t i v e l y  i d e n t i f i e d  a s  BI + OI 
( r e f .  2 ) ,  bu t  t h e  peak i n t e n s i t y  is cons iderably  smal le r .  This  could be an 
aluminum complex and f u r t h e r  s tudy i s  needed t o  i d e n t i f y  t h i s  d e f e c t .  
F igure  2  shows a  DLTS spectrum f o r  10 Rcm aluminum-doped s i l i c o n ,  i n  t h i s  
case  a  Schottky b a r r i e r  diode.  Again, we observe H 1  bu t  he re  t h e  i n t e n s i t y  
compared t o  t he  divacancy peak i s  much smal le r ,  i n d i c a t i n g  t h a t  t h e  concen- 
t r a t i o n  of t he  t r a p  has decreased a s  has  t h e  aluminum concent ra t ion .  This  
d a t a  p l u s  t he  absence of t h i s  d e f e c t  i n  boron-doped m a t e r i a l  l e a d s  t o  t h e  
conclusion t h a t  t h i s  i s  an aluminum as soc ia t ed  d e f e c t .  H3 i s  t h e  carbon in-  
t e r s t i t i a l  which annea ls  a t  room temperature t o  form t h e  carbon-oxygen- 
vacancy complex a s  was observed i n  boron-doped s i l i c o n  ( r e f .  2 , 3 ) .  
F igure  3  shows t h e  DLTS spectrum f o r  a  1 Rcm aluminum-doped Schottky 
diode showing t h a t  t h e  peak l abe l ed  H4 and H5 i s  reso lved  i n t o  two peaks i f  
t h e  pu l se  width i s  reduced s u f f i c i e n t l y .  A t  low f luence  we b e l i e v e  only t h e  
carbon-oxygen-vacancy complex a t  Ev + 0.33 eV ( H 4 )  is p re sen t ,  bu t  t h a t  a  
de fec t  a t  Ev + 0.44 eV (H5) appears  a s  t h e  f luence  i s  increased .  This  i s  ob- 
served a s  a  s h i f t  of t h e  apparent  energy l e v e l  of t he  peak toward h igher  ener- 
gy a s  t h e  f luence  i s  increased .  We b e l i e v e  t h i s  second d e f e c t  is  a l s o  p re sen t  
i n  boron-doped m a t e r i a l  where we have measured two d i f f e r e n t  capture  c ros s  
s e c t i o n s  f o r  t h i s  peak. We have n o t  y e t  i d e n t i f i e d  the  d e f e c t  corresponding 
t o  t he  H5 peak. This  spectrum a l s o  shows a  d e f e c t  a t  Ev + 0.55 eV (H6) which 
occurs  i n  many aluminum-doped samples. We d id  n o t  observe t h i s  d e f e c t  i n  
boron doped samples which sugges ts  t h a t  i t  too  i s  an aluminum as soc ia t ed  de- 
f e c t .  
I sochronal  annea l ing  f o r  20 minute per iods  w a s  performed on Schottky 
b a r r i e r  diodes t o  s tudy  the  anneal ing behavior  of t h e s e  d e f e c t s .  A new DLTS 
peak appeared a t  Ev + 0.48 eV (H7) which appears  a f t e r  annea l ing  a t  100°C, 
cont inues  t o  grow a f t e r  t h e  1 4 5 ' ~  annea l  and then  decreases  a f t e r  t h e  200°C 
anneal  and is  e s s e n t i a l l y  gone a f t e r  a  2 5 0 " ~  anneal .  Another a d d i t i o n a l  peak 
is  observed a f t e r  anneal ing a t  400°C a t  Ev + 0.22 eV (Ha) which inc reases  
a f t e r  a  445°C anneal  a f t e r  which another  very smal l  peak a t  Ev + 0.20 eV a l s o  
appears .  We a r e  cont inuing t o  s tudy  t h e s e  new peaks. 
EPR measurements i n  aluminum-doped s i l i c o n  show t h a t ,  i n  a d d i t i o n  t o  t h e  
divacancy (G6) ( r e f .  4 ) ,  and t h e  carbon i n t e r s t i t i a l  6G12) ( r e f .  5) which 
annea ls  a t  room temperature t o  form t h e  carbon-oxygen-vacancy complex (G15) 
( r e f .  3 , 6 ) ,  aluminum i n t e r s t i t i a l s  (G18) ( r e f .  7,8) a r e  observed a s  w e l l  a s  
aluminum-vacancy p a i r s  (G9) ( r e f .  8 ) .  The aluminum i n t e r s t i t i a l  was observed 
t o  anneal  a t  200°C by thermal processes  forming an aluminum s u b s t i t u t i o n a l -  
aluminum i n t e r s t i t i a l  p a i r  (G19,G20) and a t h i r d  spectrum (G21) ( r e f .  9 ) .  
The aluminum i n t e r s t i t i a l  annea ls  by an i o n i z a t i o n  enhanced process  a t  100°C 
(Troxe l l ,  Cha t t e r j ee ,  Watkins and Kimerling, t o  be  publ i shed) .  
We have n o t  always observed t h e  ARI d e f e c t  i n  our  DLTS samples. A l -  
though i t s  energy p o s i t i o n  i n  t h e  band gap is  Ev + 0.17 eV, t h e  DLTS peak is 
observed a t  t h e  apparent  energy p o s i t i o n  of Ev + 0.26 eV because of t h e  
s t r o n g  temperature dependence of t h e  cap tu re  c ros s  s e c t i o n  ( r e f .  10 ) .  We be- 
l i e v e  i t  i s  bu r i ed  i n  our  carbon-oxygen-vacancy peak and would be more e a s i l y  
observed i n  samples w i t h  low carbon and oxygen content .  Table I l ists  t h e  
d e f e c t s  observed by DLTS measurements i n  both boron-doped and aluminum-doped 
e l e c t r o n  i r r a d i a t e d  s i l i c o n .  
DEFECT PRODUCTION MODELING 
I n  a  previous paper we presented  r e s u l t s  of a  computer model f o r  d e f e c t  
product ion by e l e c t r o n  i r r a d i a t i o n  i n  boron doped s i l i c o n  conta in ing  carbon 
and oxygen a s  i m p u r i t i e s  and showed t h a t  t h e  presence of a  d e f e c t  recombina- 
t i o n  c e n t e r  could reduce damage produced a t  a  given f luence  ( r e f .  1 1 ) .  The 
model used is a s i m p l i f i e d  one descr ibed  by means of a  system of r a t e  equa- 
t i o n s  f o r  d e f e c t  i n t e r a c t i o n s .  Free  mobile s i n g l e  vacancies ,  f r e e  mobile 
s e l f - i n t e r s t i t i a l  atoms and immobile d ivacancies  a r e  c r ea t ed  a t  cons tan t  
r a t e s  dur ing  i r r a d i a t i o n .  We have c a l c u l a t e d  d e f e c t  product ion i n  boron- 
doped s i l i c o n  of d i f f e r e n t  r e s i s t i v i t i e s  assuming no o t h e r  i m p u r i t i e s  a r e  
p re sen t ,  and a l s o  f o r  aluminum-doped s i l i c o n  wi th  t h e  same assumptions. The 
primary d i f f e r e n c e  i n  t hese  two systems i s  t h a t  t h e  boron i n t e r s t i t i a l ,  
created by the Watkins replacement mechanism, is mobile at room temperature, 
whereas the aluminum interstitial, created in the same way, is not. 
We assume the following defect reactions in boron-doped silicon: 
I + V + recombination (1) 
I + BS -+ B  (ref. 12) I (2) 
B I + B S + B I + B  E B B  S  I S  (4) 
where V 5 single vacancy, I 5 self-interstitial, BS 5 substitutional boron, 
BI E interstitial boron, and V2 5 divacancy. We assume similar reactions in 
the aluminum-doped silicon where ARS I substitutional aluminum and ARI E 
interstitial aluminum replace BS and BI in the equations. We have calculated 
the damage under different irradiation conditions, one with continuous con- 
stant flux and the other with pulsed flux, as in the case of a rotating satel- 
lite. Table I1 lists the rate equations and Table I11 lists the numerical 
values of parameters used for the calculations. 
We present no definitive results here since we are still testing and im- 
proving the program. Preliminary results show that at higher doping levels 
the damage component due to V and V2 at a particular fluence decreases, while 
that due to defects involving the dopant increases as more secondary and 
tertiary defects are produced. In the boron-doped material the major defects 
in the more heavily doped material are the vacancy-boron substitutional pair 
and the boron interstitial-boron substitutional pair, whereas in the aluminum- 
doped material they are the vacancy-aluminum substitutional pair and the alum- 
inum interstitial. This was expected since the aluminum interstitial is not 
mobile at room temperature and cannot migrate to an aluminum substitutional 
site. The calculations show equal amounts of damage in both types of mater- 
ials however. Figures 4 and 5 show calculations for two different aluminum 
concentrations. The effect of each of these defects on the minority carrier 
lifetime in the material is not yet determined. 
CONCLUSIONS 
It i s  d i f f i c u l t  t o  compare t h e  computer c a l c u l a t i o n s  w i t h  experimental  
r e s u l t s  a t  t h i s  p o i n t  s i n c e  n e i t h e r  a s p e c t  of t h e  r e sea rch  i s  completed. I n  
a d d i t i o n ,  our  measurements have been made on m a t e r i a l  w i th  l a r g e  carbon and 
oxygen concent ra t ions  and indeed t h e  carbon i n t e r s t i t i a l  and t h e  carbon- 
oxygen-vacancy complex have been t h e  dominant d e f e c t s  observed. The aluminum 
d e f e c t s  p red ic t ed  by t h e  computer c a l c u l a t i o n s  have been observed i n  EPR 
s t u d i e s  and we a r e  cont inuing  t o  s tudy  t h e  a s  y e t  u n i d e n t i f i e d  DLTS peaks i n  
aluminum-doped s i l i c o n .  We a r e  a l s o  s tudying  p-type s i l i c o n  w i t h  low carbon 
and oxygen concent ra t ions  and wi th  dopants o t h e r  than aluminum o r  boron. 
These experiments should be u s e f u l  f o r  comparison wi th  t h e  damage product ion 
as modeled by t h e  computer c a l c u l a t i o n s  and w i l l  a l s o  provide information on 
d e f e c t  c h a r a c t e r i s t i c s  and i d e n t i t y  necessary  f o r  t h e  cons t ruc t ion  of t he  
model. This  j o i n t  approach t o  t h e  problem of r a d i a t i o n  damage i n  s i l i c o n  
s o l a r  c e l l s  should g ive  us  t h e  necessary  informat ion  t o  produce r a d i a t i o n  
r e s i s t a n t  devices .  
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TABLE I.- DEFECTS OBSERVED BY DLTS IN BORON-DOPED AND AR-DOPED ELECTRON IRRADIATED SILICON 
Peak Energy Level Capture Cross Annealing Identity 
Section (cm2) Temperature 
E + 0.23 eV -16 
I H2 P [v2 I+ a = 3 2 ; 1 0  v out 270°C 
'3 E + 0.29 eV -16 a = 3 x 1 0  out 30°C + a H3 v P [cII 
G .rI 
cd rn 
a a H4 E + 0.33 eV a = 2 x 1 0  v -I6 in 30°C, out 400°C [v+O+C]+ 
al al P 
a a 
o o E + 0.44 eV 0 = 10 -19 
a a H5 out 400°C ? v 
I P 
FQ 
a Ec - 0.27 eV a = 2 x 1 0  -13 
al out 170°C [BI+OI] (tentative) 
a h P 
0 4 
a c E +0.30 eV 0 = 2 x 1 0  
I 0  v 
-I6 in 170°C, out 400'~ [B+O+V] (tentative) 
F9 P 
r 
w 
r 
E + 0.17 eV a = 4 x 1 0  -15 H1 AR associated v P 
in 145"C, out 250'~ ? 
TABLE 11.- RATE EQUATIONS 
- -  a[v1 - G - 4n(DV+DI)RvI [V] [I] - 4nDV[V1(2 $V[V] + RVB [BIl + I$ [BSl) + 
at 
I Bs 
[ I indicate concentration 
TABLE 111.- NUMERICAL VALUES OF PARAMETERS USED FOR COMPUTER CALCULATIONS 
Capture Radii 
Generation rates 
12 2 G = 5 x 10 /cm /sec generation rate of V,I 
Diffusion coefficients 
Rotating satellite 
- 4 flux on for 10 sec (g,GV = 0) 
2 
-4 flux off for 10 sec (G,GV = 0) 
2 
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